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Introduction
48
Obesity is a growing global health crisis, which has more than doubled in extent in the 49 last 25 years. As of 2014, more than 1.9 billion adults were overweight globally, and 50 of those over 600 million people were obese (WHO, 2015) . Among many strategies to 51 achieve weight management, food scientists, psychologists and nutritionists are 52 attempting to enhance the satiating and satiety-promoting properties of food in order 53 to generate appetite suppression. In the case of lipids, satiety hormones can be 54 triggered by the presence of undigested lipids in the ileum via the so-called "ileal 55 emulsions during the homogenization step was 37 °C. For preparing the protein-137 particle-stabilized emulsions (schematic diagram shown in Figure 1 ), the primary 138 emulsions (40 wt% oil, 2 wt% WPI) were dispersed in CNC dispersions (2-6 wt% in 139 citrate buffer at pH 3) (1:1 w/w) to achieve final concentration of 20 wt% oil, 1 wt% 140 WPI and 1 or 3 wt% CNCs, hereafter reported as W1C1 or W1C3, respectively. All 141 the three emulsion samples were prepared in triplicates. Sodium azide (0.02 wt%) was 142 used as a preservative for the emulsions during refrigerated storage at 4 C. 143 The -potential of each of the emulsions before and after duodenal digestion (180 155 minutes) with or without the addition of bile salts and/or pancreatin was measured 156 using a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, Worcestershire, UK). 157
Emulsions were diluted to 0.005 wt% droplet concentration in citrate buffer before 158 digestion at pH 3 and simulated duodenal fluid (SDF) buffer after digestion at pH 6.8 159
The samples were equilibrated in respective buffers for 1 h and then were carefully 160 As expected, grafting of numerous sulphate groups (Lin & Dufresne, 2014) , 239 which were created in the course of the preparation of these CNCs to remove the 240 amorphous domains, led to significantly high negative surface charges in the CNC 241 dispersion at pH 3. The -potential values were −40 and −44 mV for 1 and 3 wt% 242 CNC, respectively, and displayed higher magnitude of negative charge at pH 6.8 243 (−83 and −89 mV for 1 and 3 wt% CNC, respectively, data not shown). This is 244 consistent with previous reports suggesting that CNCs beared HSO4 − and SO4 showed no obvious occurrence of flocculation or coalescence (Figure 2A) . 252
However, in presence of CNCs, both W1C1 ( Figure 2B ) and W1C3 ( Figure 2C ) 253 showed bimodal and trimodal distributions, respectively with significant 254 population of droplets in the range of 10-100 µm. The second peak in case of both 255 W1C1 and W1C3 were diminished once they were dispersed in 2% SDS (data not 256 shown) suggesting that such larger droplets were corresponding to flocculation of 257 emulsion droplets rather than coalescence, as observed previously (Sarkar, et al., 258 2017) . One might argue that the first peak in the distribution W1C3 is too small (≤ 259 0.1 µm) ( Figure 2C ) to be composed of emulsion droplets, leading us to believe 260 that these were most likely unabsorbed CNCs in the continuous phase. However, 261 such hypothesis must be taken with caution as static light scattering assumes that 262 all species as spherical, whereas CNCs were not spherical as can be observed in 263 It is also worth noting that in W1C3 (lower magnification, Figure 2C The emulsions were digested in an in vitro duodenal model in the presence of ions, 294 bile salts and pancreatin, latter composed of amylase, protease (trypsin) as well as 295 lipase. As can be observed in Figure 3 , the droplet size distribution of W1 droplets 296 shifted dramatically after 3 h of duodenal digestion, with significant proportion of the 297 droplets being observed in the size range of 10-100 m (p< 0.05). Interestingly, inthe samples were either severely aggregated or had a certain degree of droplet 303 coalescence. 304
To investigate the microstructural behaviour, confocal laser scanning microscopy 305 images were taken at 0-180 min (Figure 4 ). In the case of W1, droplets underwent 306 strong floc formation at 0 min (absence of pancreatin and bile salts), which clearly 307 suggests the charge screening effects of the Na + and Ca 2+ ions present in SDF. In 308 presence of pancreatin and bile salts, individual W1 droplets were coalesced to 309 extremely large oil droplets (Sarkar, et al., 2010c) . It therefore appears that the 310 dramatic increase in d4,3 values of these emulsions under simulated intestinal digestion 311 was linked to the digestive action of both proteases and lipase within the pancreatin. 312
The action of trypsin might have cleaved the proteinaceous interfacial layer 313 generating peptides, which lacked the cohesiveness of the parent protein layer to 314 prevent droplet coalescence. Furthermore, due to the action of pancreatic lipase, 315 surface-active free fatty acids (FFAs) and mono-acylglycerols (MAGs) were possibly 316 generated at the droplet surfaces. These FFAs and MAGs are known to be 317 comparatively less effective at protecting the oil-in-water emulsion droplets against 318 coalescence as compared to that of a protein film present in the original emulsion 319 (Sarkar, et al., 2010c) . 320
In the case of W1C1, the emulsion droplets showed limited aggregation in the 321 presence of SDF (Figure 4 ). This suggests that the CNC-coated droplets were noteffects. In the presence of pancreatin and bile salts, there was gradual appearance of 324 large coalesced droplets after 30 min. However, the W1C1 micrograph still showed 325 considerable amounts of intact CNC-coated droplets (blue stained by Calcofluor 326 White) of 5-30 µm diameter at 30 min, the population of which gradually diminished 327 as digestion time progressed to 180 min with subsequent fusion of droplets. This 328 suggests that lipid digestion did occur in W1C1 generating FFAs and MAGs leading 329 to subsequent droplet coalescence, however, it appears that there were few CNC-330 coated droplets, which remained intact even after 180 min of digestion. Freshly prepared W1 droplets were positively charged (~ +41 mV), which is expected 351 as the WPI at the interface was below its isoelectric point (pI) (Sarkar, et al., 2017) . 352
However, WPI eventually reversed its charge at pH 6.8, with WPI being above its pI 353 . In presence of bile salts and pancreatin, W1 showed 368 significant rise in negative surface charge, which might be attributed to the generation 369 of FFAs and MAGs at the interface, supporting the laser diffraction data (Figure 3) charge as compared to that of W1 (p< 0.05), which might be attributed to the 373 electrostatic binding of anionic CNC to positively charged protein-coated droplets 374 ( Figure 5) (Sarkar, et al., 2017) . Since, the coverage by CNC at 1 wt% was not 375 sufficiently complete as shown in the TEM image (Figure 2b) , the W1C1 did not 376 show a negative charge at pH 3. At pH 6.8, the samples showed a significantly high 377 magnitude of negative charge, which might be attributed to the sulphated CNCs being 378 highly ionized at pH 6.8, as indicated before, and bound to positive patches of WPI 379 coated emulsions. Furthermore, the strong inter-molecular hydrogen bonding between 380
CNCs and WPI (Qazanfarzadeh & Kadivar, 2016) at the interface also might have led 381
to the presence of CNCs at the interface at pH 6.8, where both WPI and CNC were 382 mostly anionic. The salt-induced screening effects were rather negligible in the case 383 of W1C1 (p> 0.05). The W1C1 showed almost two-times higher negative charge in 384 presence of bile salts as compared to that in presence of SDF (p< 0.05), which might 385 suggest bile-mediated displacement. The increase in negative charge was substantially 386 high in the presence of pancreatin, supporting the release of lipid digestion products, 387 such as FFAs and MAGs supporting the coalescence behaviour (Figure 4) . 388
The W1C3 was originally negatively charged ( Figure 5 ) due to rather higher 389 coverage of anionic CNC at the WPI-coated droplet surface ( Figure 2C, TEM image) . 390
At pH 6.8 and in presence of SDF containing no bile salts or pancreatin, the W1C3 391 showed similar behaviour with accumulation of negative charges when compared to 392 W1C1. Interestingly, W1C3 had no change in -potential value after treatment with 393 bile salts (p> 0.05). These results suggest that bile salts might not have been able to 394 displace completely the thick viscous layer of CNC particles from the WPI-coated 395 interface supporting our hypothesis. Another possibility might be that the CNC 396 particles were highly negatively-charged and retarded the anionic bile salts from the 397 vicinity of the interface. However, one might argue that SDS was able to displace the 398
CNCs from the interface as mentioned in the light scattering data above, but the 399 displacement by bile salts in case of 3 wt% CNC appeared to be rather restricted. This 400 can be explained based on structural differences between SDS and bile salts. The lipolysis profiles of the emulsions were assessed in the presence of bile salts 419 and pancreatin using a pH-stat method as shown in Figure 6 . As expected, in W1, 420 there was steep rise in FFA release with half of the digestion achieved within the first 421 long-chain FFAs from sunflower oil, which tend to assemble at the oil−water 423 interface and impede further lipid digestion as can be observed by the plateau. In the 424 case of W1C1, the shape of the kinetic plot showed a slight tendency to shift towards 425 the right (Figure 6 ) leading to a significant decrease in rate and extent of digestion 426 (p< 0.05) with more than doubled t1/2 as compared to that of W1 emulsion (Table 1) . 427
The W1C3 containing 3 wt% CNC showed a dramatic decrease in the rate (i. 
